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Abstract. The electromagnetic properties of baryon octet are studied in the
perturbative chiral quark model (PCQM). The relativistic quark wave function is
extracted by fitting the theoretical results of the proton charge form factor to
experimental data and the predetermined quark wave function is applied to study
the electromagnetic form factors of other octet baryons as well as magnetic moments,
charge and magnetic radii. The PCQM results are found, based on the predetermined
quark wave function, in good agreement with experimental data.
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1. Introduction
The perturbative chiral quark model (PCQM) was developed a decade ago [1,2] and has
become one of the most successful approaches in the low energy particle physics. In the
PCQM, baryons are considered as the bound states of three relativistic valence quarks
while a cloud of pseudoscalar mesons, as the sea-quark excitations, is introduced for
chiral symmetry requirements. The quarks move in a self-consistent field, represented
by scalar S(r) and vector V (r) components of a static potential providing confinement
while the interactions between quarks and mesons are achieved by the nonlinear σ model
in the PCQM. The PCQM has been successfully applied to the electromagnetic and axial
form factors of baryons [3–6], low-energy meson-baryon scatterings [7], electromagnetic
excitations of nucleon resonances [8], nucleon polarizabilities [9], neutron electric dipole
form factor [10], etc. These studies demonstrate the PCQM is one of the effective
models in the low energy hadron physics, and indicate that the virtual meson cloud
exists mainly outside of the quark core.
In recent years the electroweak form factors have been studied in chiral perturbation
theory [11, 12], various relativistic quark models [13–20], Lattice-QCD [21–24], etc. in
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2which the theoretical results are comparable with experimental data. But the PCQM
theoretical results [3–6] of the electromagnetic and axial form factors of baryons are in
good agreement with experimental data only at very low momentum transfer, descending
quickly with the momentum transfer increasing. In those works [3–6], a variational
Gaussian ansatz has been employed for the quark wave function. One may argue that
it is the Gaussian-type quark wave function of baryons which leads to the theoretical
predictions for the form factors of baryons consistent well with experimental data only at
very low momentum transfer. In this work we extract the quark wave function by fitting
the PCQM theoretical result of the proton charge form factor to experimental data, and
study the electromagnetic form factors of octet baryons with the predetermined wave
function.
The paper is organized as follows. In section 2 we introduce the PCQM and present
the theoretical expressions of octet baryon electromagnetic form factors in the framework
of the PCQM. The quark wave function is extracted by fitting the theoretical result of
the proton charge form factor to experimental data in section 3. The numerical results
based on the predetermined quark wave function and discussion are given in section 4.
2. Electromagnetic form factors in the PCQM
The PCQM [1,2] is based on an effective chiral Lagrangian describing baryons by a core
of the three valence quarks, moving in a central Dirac field with Veff(r) = S(r)+γ0V (r),
where r = |~x|. In order to respect chiral symmetry, a cloud of Goldstone bosons
(pi, K and η) is included as small fluctuations around the three-quark core in SU(3)
extension. With an unitary chiral rotation, as shown in Refs. [5, 7], the Weinberg-type
Lagrangian of the PCQM is derived,
LW (x) = L0(x) + LWI (x) + o(~pi), (1)
L0(x) = ψ¯(x)[i∂/− γ0V (r)− S(r)]ψ(x)− 1
2
Φi(x)(+M2Φ)Φi(x), (2)
LWI (x) =
1
2F
∂µΦi(x)ψ¯(x)γ
µγ5λiψ(x) +
fijk
4F 2
Φi(x)∂µΦj(x)ψ¯(x)γ
µλkψ(x), (3)
where fijk are the totally antisymmetric structure constant of SU(3), the pion decay
constant F = 88 MeV in the chiral limit, Φi are the octet meson fields, and ψ(x) is the
triplet of the u, d, and s quark fields taking the form
ψ(x) =
 u(x)d(x)
s(x)
 . (4)
The quark field ψ(x) could be expanded in
ψ(x) =
∑
α
(
bαuα(~x) e
−iEαt + d†αυα(~x)e
iEαt) , (5)
3where bα and d
†
α are the single quark annihilation and antiquark creation operators. The
ground state quark wave function u0(~x) may, in general, be expressed as
u0(~x) =
(
g(r)
i~σ · xˆf(r)
)
χsχfχc, (6)
where χs, χf and χc are the spin, flavor and color quark wave functions, respectively.
The calculation technique in the PCQM is based on the Gell-Mann and Low
theorem [25], in which the expectation value of an operator Oˆ can be calculated from
〈Oˆ〉 = B〈φ0|
∞∑
n=0
in
n!
∫
d4x1 · · ·
∫
d4xnT [LWI (x1) · · · LWI (xn)Oˆ]|φ0〉Bc , (7)
where the state vector |φ0〉B corresponds to the unperturbed three-quark states
projected onto the respective baryon states, which are constructed in the framework
of the SU(6) spin-flavor and SU(3) color symmetry. The subscript c in (7) refers
to contributions from connected graphs only. LWI (x) is the quark-meson interaction
Lagrangian as given in (3). In the framework of the PCQM, the charge and magnetic
form factors of octet baryons in the Breit frame are defined by
χ†B′sχBsG
B
E(Q
2) = B〈φ0|
n∑
n=0
in
n!
∫
δ(t)d4xd4x1 · · · d4xne−iq·x
× T [LWI (x1) · · · LWI (xn)j0(x)]|φ0〉Bc , (8)
χ†B′s
i~σ × ~q
mB +m′B
χBsG
B
M(Q
2) = B〈φ0|
n∑
n=0
in
n!
∫
δ(t)d4xd4x1 · · · d4xne−iq·x
× T [LWI (x1) · · · LWI (xn)~j(x)]|φ0〉Bc . (9)
Here, GBE(Q
2) and GBM(Q
2) are the charge and magnetic form factors of octet baryons
with the space-like squared momentum transfer Q2, which is carried out by the
electromagnetic current. In the Breit frame, the initial momentum of the baryons is
p = (E,−~q/2), the final momentum is p = (E, ~q/2), and the four-momentum of the
photon is q = (0, ~q). Thus, Q2 = −q2 = ~q 2. mB is the mass of baryons. χBs and χ†Bs′
are the baryon spin wave functions in the initial and final states, ~σ is the baryon spin
operator, and jµ is the electromagnetic current
jµ = jµψ + j
µ
Φ + j
µ
ψΦ + δj
µ
ψ, (10)
which contains the quark current jµψ, the charged pseudoscalar mesons current j
µ
Φ, the
quark-meson coupling current jµψΦ, and δj
µ
ψ, a current arising from the counterterm. The
currents in the above equation take the forms,
jµψ = ψ¯γ
µQψ, (11)
jµΦ =
[
f3ij +
f8ij√
3
]
Φi∂
µΦj (12)
jµψΦ =
[
f3ij +
f8ij√
3
]Φj
2F
ψ¯γµγ5λiψ, (13)
δjµψ = ψ¯(Z − 1)γµQψ, (14)
4Figure 1. Diagrams contributing to the electromagnetic form factors of the baryon
octet: three-quark diagram (a), three-quark counterterm diagram (b), meson cloud
diagram (c), vertex correction diagram (d), and meson-in-flight diagram (e).
where Q is the quark charge matrix Q = diag{2/3,−1/3,−1/3}, and the
renormalization constants Zˆ and Zˆs are defined as
Zˆ = 1− 3
4(2piF )2
∫ ∞
0
dkk4F 2I (k
2)
[ 1
ω3pi(k
2)
+
2
3ω3K(k
2)
+
1
9ω3η(k
2)
]
, (15)
Zˆs = 1− 1
(2piF )2
∫ ∞
0
dkk4F 2I (k
2)
[ 1
ω3K(k
2)
+
1
3ω3η(k
2)
]
, (16)
with ωΦ(k
2) =
√
M2Φ + k
2 and the vertex function FI(k) for the qqΦ system taking the
form
FI(k) = 2pi
∫ ∞
0
dr
∫ pi
0
dθr2 sin θeikr cos θ[g(r)2 + f(r)2 cos 2θ]. (17)
In accordance with the interaction Lagrangian LWI (x) in (3) and the electromagnetic
current jµ in (11)-(14), there are five Feynman diagrams, as shown in figure 1,
contributing to the electromagnetic form factors to the one-loop order [3, 4]. The
contributions of these diagrams are derived as follows:
(a) Three-quark core leading-order diagram (LO)
GBE(Q
2)|LO = aB1 GpE(Q2)|3qLO, (18)
5GBM(Q
2)|LO = bB1
mB
mN
GpM(Q
2)|3qLO, (19)
where
GpE(Q
2)|3qLO = 2pi
∫ ∞
0
dr
∫ pi
0
dθr2 sin θ[g(r)2 + f(r)2]eiQr cos θ, (20)
GpM(Q
2)|3qLO =
4piimN
Q
∫ ∞
0
dr
∫ pi
0
dθr2 sin(2θ)g(r)f(r)eiQr cos θ. (21)
(b) Three-quark core counterterm diagram (CT)
GBE(Q
2)|3qCT = [aB2 (Zˆ − 1) + aB3 (Zˆs − 1)]GpE(Q2)|3qLO, (22)
GBM(Q
2)|3qCT = [bB2 (Zˆ − 1) + bB3 (Zˆs − 1)]
mB
mN
GpM(Q
2)|3qLO. (23)
(c) Meson-cloud diagram (MC)
GBE(Q
2)|MC =
1
2(2piF )2
∫ ∞
0
dk
∫ 1
−1
dxk2(k2 + kQx)FI(k)FI(k+)t
B
E(k
2, Q2, x)|MC , (24)
GBM(Q
2)|MC =
5mB
6(2piF )2
∫ ∞
0
dkk4
∫ 1
−1
dx(1− x2)FI(k)FI(k+)tBM(k2, Q2, x)|MC , (25)
where
tBE(k
2, Q2, x)|MC = aB4 Cpi(k2, Q2, x) + aB5 CK(k2, Q2, x), (26)
tBM(k
2, Q2, x)|MC = bB4 Dpi(k2, Q2, x) + bB5 DK(k2, Q2, x), (27)
CΦ(k
2, Q2, x) =
1
ωΦ(k2)ωΦ(k2+)[ωΦ(k
2) + ωΦ(k2+)]
, (28)
DΦ(k
2, Q2, x) =
1
ω2Φ(k
2)ω2Φ(k
2
+)
, (29)
k+ =
√
k2 +Q2 + 2k
√
Q2x. (30)
(d) Vertex-correction diagram (VC)
GBE(Q
2)|V C =
1
2(2piF )2
∫ ∞
0
dkk4F 2I (k)G
p
E(Q
2)|3qLO
[ aB6
ω3pi(k
2)
+
aB7
ω3K(k
2)
+
aB8
ω3η(k
2)
]
, (31)
GBM(Q
2)|V C =
1
2(2piF )2
∫ ∞
0
dkk4F 2I (k)G
p
M(Q
2)|3qLO
[ bB6
ω3pi(k
2)
+
bB7
ω3K(k
2)
+
bB8
ω3η(k
2)
]
. (32)
(e) Meson-in-flight diagram (MF)
GBE(Q
2)|MF ≡ 0, (33)
GBM(Q
2)|MF =
mB
(2piF )2
∫ ∞
0
dk
∫ 1
−1
dxk4(1− x2)FI(k)FI(k+)tBM(k2, Q2, x)|MF , (34)
where
tBM(k
2, Q2, x)|MF = bB9 Dpi(k2, Q2, x) + bB10DK(k2, Q2, x). (35)
The constants aBi and b
B
i , which depend on the spin and flavor of baryons, have been
listed in Ref. [4].
6In the non-relativistic limit, the mean-square charge radius of a charged baryon is
related to the baryon charge form factor as
〈r2E〉B = −
6
GBE(0)
d
dQ2
GBE(Q
2)
∣∣∣
Q2=0
. (36)
For the neutral baryons, the mean-square charge radius is defined by
〈r2E〉B = −6
d
dQ2
GBE(Q
2)
∣∣∣
Q2=0
. (37)
In analogy, the mean-square magnetic radius is defined as
〈r2M〉B = −
6
GBM(0)
d
dQ2
GBM(Q
2)
∣∣∣
Q2=0
. (38)
3. Model quark wave function
The theoretical expressions in the above section show that the charge and magnetic
form factors are mainly determined by the wave function of the quark core. In the
previous works [3, 4], the Gaussian-type quark wave function of baryons is employed
and the theoretical results for the form factors of baryons are consistent well with the
experimental data at low momentum transfer Q2. Instead of assuming a certain type,
we extract in this work the quark wave function by adjusting our theoretical result of
the proton charge form factor to the experimental data, considering that the recent
measurements of the proton charge form factor are in high precision and that only four
Feynman diagrams in the PCQM contribute to the proton charge form factor. The
radial quark wave functions g(r) and f(r), the upper and lower components in the
ground state, are expanded in the complete set of Sturmian functions Snl(r) [26],
g(r) =
∑
n
An
Sn0(r)
r
, (39)
f(r) = r
∑
n
Bn
Sn0(r)
r
, (40)
with
Snl(r) =
[
n!
(n+ 2l + 1)!
] 1
2
(2br)l+1e−brL2l+1n (2br), (41)
where L2l+1n (x) are Laguerre polynomials, and b is the length parameter of Sturmian
functions. For the sake of simplicity, we restrict our calculations to SU(2) flavor.
It is found that a basis of five Sturmian functions (n = 0, 1, 2, 3, 4) is good enough
to let our theoretical result of the proton charge form factor fit to the experimental
data. The Sturmian function length parameter is fixed to be b = 0.5 GeV, and
the expansion coefficients An and Bn are compiled in table 1, where we redefine
A′n = Anb
−1/2 and B′n = Bnb
−3/2 to let the A′n and B
′
n be dimensionless. The expansion
coefficients are determined by adjusting the theoretical result of proton charge form
factor to the experimental data [28–35], in which the errors of the experimental data
7Table 1. Expansion coefficients A′n and B
′
n determined by fitting the theoretical
result of the proton charge form factor to the experimental data, with the errors of the
experimental data considered.
n A′n B
′
n
0 0.21966±0.00669 0.13892±0.01405
1 −0.00817±0.01204 0.02905±0.00510
2 0.00073±0.00107 0.01025±0.00115
3 −0.01312±0.00230 0.00072±0.00086
4 −0.00853±0.00150 −0.00092±0.00016
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Figure 2. Left panel: Normalized radial wave functions of the valence quarks for
the upper component g(r) and the lower component f(r) with the central values of
the expansion coefficients. Right panel: Fits of proton charge form factor to the
measurements [28–35].
are considered. Note that in the calculation the quark wave function is normalized
according to
∫
d3~xu†(~x)u(~x) = 1. Larger bases have been applied, but the fitted results
of the quark wave functions appear the same as the one with the basis of five Sturmian
functions.
Shown in the left panel of figure 2 are the quark radial wave functions g(r) and f(r)
with the central values of the expansion coefficients, and in the right panel are the proton
charge form factor GpE(Q
2) derived with the fitted quark radial wave functions shown in
the left panel. It is seen in right panel of figure 2 that the theoretical results with the
predetermined quark wave functions are well fitted to the experimental data on proton
charge form factor up to the squared momentum transfer Q2 = 1.0 GeV2. The charge
radius of proton is derived as 〈r2E〉p = 0.77±0.10 fm2, where the uncertainties arise from
the fitting errors of the quark wave functions (the same hereinafter in table 2–table 4).
8Table 2. Numerical results for the octet baryon mean-square charge radii 〈r2E〉B (in
units of fm2), where the uncertainties are from the errors of the quark wave functions.
The experimental data are taken from [27] while the chiral extrapolation estimations
of Lattice-QCD results are taken from [22].
3q Meson loops
Total Lattice [22] Exp. [27]
LO+CT MC+VC
〈r2E〉p 0.710 0.057 0.767±0.113 0.685(66) 0.76±0.09
〈r2E〉n 0 −0.014 −0.014±0.001 −0.158(33) −0.116±0.002
〈r2E〉Σ
+
0.701 0.080 0.781±0.108 0.749(72) —
〈r2E〉Σ
0 −0.009 0.009 0 — —
〈r2E〉Σ
−
0.718 0.063 0.781±0.108 0.657(58) 0.61±0.21
〈r2E〉Λ −0.009 0.009 0 0.010(9) —
〈r2E〉Ξ
0 −0.017 0.031 0.014±0.008 0.082(29) —
〈r2E〉Ξ
−
0.727 0.040 0.767±0.113 0.502(47) —
The proton charge radius is consistent with the experimental data 0.76± 0.02 fm2 [27].
4. Numerical results and discussion
The quark wave function has been extracted by fitting the theoretical result of the proton
charge form factor to experimental data in the framework of the SU(2) flavor symmetry.
In this section, we study the electromagnetic properties of the baryon octet in the
PCQM by applying the predetermined quark wave function. We extend the calculations
to the SU(3) flavor symmetry, including kaon and η-meson cloud contributions as well.
Note that there is no any free parameter in the following numerical calculations on
electromagnetic form factors of octet baryons.
Listed in table 2 are the charge radii squared of the baryon octet. It is found that
the uncertainties in the total values of the charge radii squared caused by the fitting
errors are estimated around 15%. The 3q-core (LO and CT diagrams) dominates the
charge radii of the charged baryons (p, Σ+, Σ− and Ξ−), contributing over 90% to the
total values. As shown in table 2, the theoretical p and Σ− charge radii are in good
agreement with the experimental values. The work predicts that the charge radii of Σ+
and Ξ− are contributed by a similar pattern based on the SU(3) symmetry, that is, about
90% from the 3q-core and less than 10% from the meson cloud contributions (MC and
VC diagrams). The predictions are also closed to the chiral extrapolation estimations
of Lattice-QCD values [22] and the results of relativistic quark model (RQM) [19, 20].
In figure 3, we present the Q2 dependence of the charge form factor of the charged and
neutral baryons respectively in the regionQ2 ≤ 1 GeV2, compared with the experimental
data [28–45]. It is seen in the left panel of figure 3 that the theoretical charge form factor
for the proton is consistent with the experimental data, and the charge form factors for
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Figure 3. Charge form factors GBE(Q
2) of octet baryons. The experimental data on
GpE(Q
2) taken from [28–35], and GnE(Q
2) taken from [36–45].
hyperons (Σ+, Σ− and Ξ−) behave the similar way based on SU(3) symmetry.
As shown in table 2, however, the theoretical charge radii of neutral baryons (n,
Σ0, Λ and Ξ0) are rather small. The neutron charge radius is much smaller than
the experimental data although it is closed to the RQM result of Ref. [19], while the
contributions to the charge radii of Σ0 and Λ by various diagrams counteract each
other to zero. As expected, the work also fails to reproduce the experimental data of
the neutron form factor, as shown in the right panel of figure 3. The reason might
be that the quark propagator is restricted to the ground-state only in our calculation.
The meson cloud solely contributes to the neutral baryon charge form factors as the
leading-order contribution of the 3q-core vanishes. One may propose that it is necessary
to include excited-state quarks to investigate the neutral baryon charge form factors.
More discussions and results on the neutron charge radius including the excited quark
propagator may be found in [3, 4].
In our evaluations of the charge form factor of octet baryons we have applied an
ansatz that the predetermined quark wave function is the same for u, d, and s quarks.
That is, we work in the SU(3) chiral symmetry limit. Therefore, baryon masses should
be restricted to the same order in the calculation of the magnetic moments. We evaluate
the magnetic moments with the baryon chiral mass mB = 1.039 GeV [46]. The numerical
results for the magnetic moments, which are the magnetic form factors in zero-recoil,
and the magnetic radii of the octet baryons are given respectively in table 3 and table 4.
It is found that the theoretical results for the octet baryon magnetic moments are
consistent with the experimental data [27] and the HBXPT extrapolation estimations
of Lattice-QCD values [23]. Also, our results are in good agreement with the RQM
10
Table 3. Numerical results for the octet baryon magnetic moments µB (in units of
the nucleon magneton µN ) with chiral mass mB = 1.039 GeV, where the uncertainties
are from the fitting errors of the quark wave functions. The experimental data are
taken from [27] while the HBXPT extrapolation estimations of Lattice-QCD results
are taken from [23] for mpi = 354 MeV.
3q Meson loops
Total Lattice [23] Exp. [27]
LO+CT MC+VC+MF
µp 2.290 0.445 2.735±0.121 2.4(2) 2.793
µn −1.527 −0.429 −1.956±0.103 −1.59(17) −1.913
µΣ+ 2.299 0.238 2.537±0.201 2.27(16) 2.458±0.010
µΣ0 0.773 0.065 0.838±0.091 — —
µΣ− −0.754 −0.107 −0.861±0.040 −0.88(8) −1.160±0.025
µΛ −0.791 −0.076 −0.867±0.074 — −0.613±0.004
µΞ0 −1.564 −0.126 −1.690±0.142 −1.32(4) −1.250±0.014
µΞ− −0.800 −0.040 −0.840±0.087 −0.71(3) −0.651±0.080
µΣ0Λ −1.322 −0.277 −1.599±0.068 — −1.610±0.080
Table 4. Numerical results for the octet baryon mean-square magnetic radii 〈r2M 〉B
(in units of fm2), where the uncertainties are from the fitting errors of the quark wave
functions.The experimental data are taken from [27] while the Lattice-QCD values are
taken from [21] for mpi = 306 MeV.
3q Meson loops
Total Lattice [21] Exp. [27]
LO+CT MC+VC+MF
〈r2M 〉p 0.748 0.161 0.909±0.084 0.470(48) 0.74±0.10
〈r2M 〉n 0.698 0.224 0.922±0.079 0.478(50) 0.76±0.02
〈r2M 〉Σ
+
0.810 0.075 0.885±0.094 0.466(42) —
〈r2M 〉Σ
0
0.824 0.027 0.851±0.102 0.432(38) —
〈r2M 〉Σ
−
0.783 0.168 0.951±0.083 0.483(49) —
〈r2M 〉Λ 0.815 0.037 0.852±0.103 0.347(24) —
〈r2M 〉Ξ
0
0.827 0.044 0.871±0.099 0.384(22) —
〈r2M 〉Ξ
−
0.851 −0.011 0.840±0.109 0.336(18) —
〈r2M 〉Σ
0Λ 0.739 0.174 0.913±0.083 — —
results [15, 16,18–20].
As listed in table 4, the nucleon magnetic radii are a little bit larger than the
experimental data. Our results on light hyperons are in the same order as µN since our
calculations are restricted to the SU(3) chiral symmetry. The Lattice-QCD values [21]
listed in table 4 are for mpi = 306 MeV, and hence can not be compared directly with
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Figure 4. Normalized magnetic form factors GBM (Q
2)/µB of octet baryons. The
experimental data on GpM (Q
2)/µp taken from [28–31, 35, 47], and G
n
M (Q
2)/µn taken
from [41,47–55].
our theoretical results owing to the lack of chiral extrapolations. However, we can see
that our theoretical results and the Lattice-QCD values are consistent more or less. For
instance, 〈r2M〉Σ− and 〈r2M〉Ξ− take respectively the largest and smallest values for both
the works.
As shown in table 3 and table 4, the meson cloud contributes around 20% to the
total values of both the nucleon magnetic moments and radii, while the contributions
for hyperons are rather small except for the Σ−. It is noted in Ref. [4] that the constants
b4, b6 and b9 for hyperons, which are relevant to the pi-meson cloud contribution, are
smaller than those for the nucleon. This may indicate that the pi-meson dominates
the meson-cloud contribution to the octet baryon magnetic properties. In addition, the
uncertainties in the magnetic moments and radii are less than 10%.
The Q2 dependence of the magnetic form factors for the charged and neutral octet
baryons are shown in figure 4, which are normalized to one at zero-recoil. We also
plot the experimental data on the proton and neutron magnetic form factors in the
corresponding figures. It is clear that the nucleon magnetic form factors are fairly
consistent with experimental data, and the magnetic form factors for hyperons behave
the similar way.
The fact that the Q2 dependence of the theoretical electromagnetic form factors
in the region Q2 ≤ 1 GeV2 is consistent with experimental data implies that the
predetermined quark wave function is reasonable in the PCQM. We expect that the
determined quark wave function is applicable to the evaluation of the axial form factors
of baryon octet.
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